Purpose: To determine the long-term effects of stereotactic fractionated external beam radiation on eyes treated for neovascular age-related macular degeneration.
A ge-related macular degeneration (AMD) is a leading cause of blindness in people aged .50 years. The recent development and use of intravitreal antivascular endothelial growth factor (anti-VEGF) therapy have provided a substantial improvement in visual outcome of patients with the neovascular form of the disease.
1,2 Intravitreal anti-VEGF therapy, however, is limited because of its short-term treatment effect and the need for continued re-treatment. Recently, a report of a pilot study showed a sustained treatment effect when intravitreal anti-VEGF therapy was combined with epiretinal brachytherapy applied during vitrectomy, leading to a renewed interest in the possible effect of radiotherapy in treating eyes with neovascular AMD (nAMD). 3 Radiotherapy has been studied extensively as a primary treatment of nAMD before the advent of anti-VEGF therapy. The principle for the use of radiation in biologic tissue is based on its ability to induce free radicals and DNA damage. At variable doses, nonproliferating tissue sustains minimal change from DNA damage, while metabolically active tissue suffers cell loss because of apoptosis or failure to regenerate. 4 The theoretical advantage of dose fractionation is well known and based on the different daily dose responses of normal and diseased tissues. 5 Normal cells are able to repair DNA injury, proliferate, and repopulate lost cells between dose fractions while diseased cells are not. Multiple clinical trials using radiotherapy as monotherapy for nAMD have been conducted and reported (Table 1) . [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Despite a wide range of doses of radiation and fractionation used, most clinical trials failed to show a significant visual benefit, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] while a few showed a small but statistically significant visual benefit by 1 year to 2 years. [18] [19] [20] [21] [22] [23] Although research on radiotherapy for nAMD was mostly abandoned with the introduction of anti-VEGF therapy, the recently published results of a pilot study combining anti-VEGF therapy with 24-Gy epiretinal brachytherapy delivered during vitrectomy as a single fraction have led to a large multicenter clinical trial investigating this combination therapy for nAMD (CABERNET trial). The pilot study showed that 75% of eyes treated with this combination therapy did not require any further treatment during the first year. 3 Visual acuity was comparable with the results reported with monthly anti-VEGF therapy.
Despite these encouraging short-term pilot data on combination of radiation with anti-VEGF therapy for nAMD, safety concerns remain regarding possible long-term toxicity in eyes after radiotherapy. Although the adverse effects of radiation after treatment for ocular and orbital tumors have been studied, limited data are available regarding long-term effects of radiation on eyes treated for nAMD. 25, 26 Most clinical trials of nAMD did not report on significant ocular toxicity from radiation, but these studies had followup of 1 year to 2 years and used radiation doses ,24 Gy. 6, 9, [11] [12] [13] [19] [20] [21] [22] 24 A few studies reported radiation toxicity ranging from cataract to neovascular glaucoma after 12 Gy to 24 Gy of radiation even with short-term follow-up. 7, 8, 10, 18, 23 Because radiation toxicity can occur up to 15 years after treatment, longterm follow-up information is needed to better evaluate its incidence. 27, 28 This study investigated the long-term effects of 20 Gy to 40 Gy, stereotactic, fractionated external beam radiation (St-EBR) in eyes with nAMD treated between 1997 and 2000.
Methods
A retrospective chart review was performed of subjects treated with St-EBR for the treatment of subfoveal choroidal neovascular membrane (CNVM) secondary to AMD. In the original study, St-EBR was used as monotherapy for subfoveal CNVM in a prospective Phase I trial conducted at the University of California Davis Medical Center from 1997 to 2000. The details of this treatment with 1-year follow-up data have been previously reported. 7 The protocol for this retrospective study of the long-term effect of St-EBR was reviewed and approved by the Office for Human Research Protections at the University of California Davis Medical Center.
Briefly, for delivery of St-EBR, each patient had a custom-made aquaplast mask to immobilize the head. Radiation was administered in a 3-beam stereotactic fashion focused on the foveal region, with a macular treatment volume of 5 mm in maximum diameter, which translates into a 19.6-mm 2 central macular area of treatment. The radiation beam produced a 4-mm margin of normal tissue exposure outside the treatment area, resulting in a 13 mm diameter of total radiation exposure. Based on expected radiation exposure using this method, the dose of radiation at the edge of the 5-mm zone of treatment is 50% of the treatment dose and drops substantially as one moves further peripherally. A 6-MV photon beam was delivered using the Varian 600C linear accelerator (Varian, Palo Alto, CA). Treatment fields included the ipsilateral inferior oblique, the contralateral superior oblique, and a vertex beam avoiding the contralateral eye. Radiation was administered with the patient fixating upward so that the horizontal beam would spare the lens. 7 Radiation doses ranged from 20 Gy to 40 Gy, given in 2-Gy daily fractions, with 40 Gy, the most common dose used in the original trial, being administered to 32 eyes (34%).
Because the 1-year data on treated eyes have been previously reported, 7 only patients with $2-year follow-up information were included in our current study. Paper and electronic medical records of all 89 subjects who enrolled in the original Phase I study were reviewed to identify subjects with follow-up clinical information of $2 years. Data collected included age, sex, ocular and medical history, dates of initial and follow-up eye examinations, best-corrected visual acuity (BCVA) by Snellen chart, and clinical eye examination findings at enrollment and follow-up visits. All available fluorescein angiograms (FA) obtained before and after St-EBR treatment were reviewed, with attention to CNVM type, size and location, macular morphology, and findings of retinal vasculopathy suggestive of radiation retinopathy.
In the initial prospective study and in this retrospective review, CNVM lesions were classified as classic if they were composed of at least 50% 21 
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No benefit in VA compared with control at 24 months Fluorescein angiography images were viewed on the digitial ophthalmic imaging system (OIS) system, and the photodynamic therapy-measuring tool was used to manually outline the CNVM and areas of GA. Lesion area and greatest linear dimension (GLD) were determined using this tool and used in our analysis.
Fundus photograph and FA images were analyzed independently by three retinal specialists (R.T., L.S.M., and S.S.P.) for the detection of microvascular changes consistent with radiation retinopathy. The diagnosis of radiation retinopathy was assigned to eyes with any of the following findings agreed on by the three reviewers: retinal microaneurysms with or without retinal hemorrhages, cotton wool spots, retinal neovascularization, or retinal capillary dropout. In the one patient diagnosed with diabetes mellitus after EBR, the diagnosis of radiation retinopathy was made based on fundus photography and FA comparison with the contralateral untreated eye that showed no signs of retinopathy.
A subset of subjects who could be contacted were imaged prospectively with a high-resolution Fourierdomain optical coherence tomography developed at the University of California Davis, with an axial resolution of 4 mm to 4.5 mm and a transverse resolution of 10 mm to 15 mm. Before imaging, written informed consent was obtained. The imaging portion of the study was performed according to a separate protocol approved by the Office for Human Research Protections at the University of California Davis Medical Center and in accordance with the tenets of the Declaration of Helsinki.
Fourier-domain optical coherence tomography analysis included a reconstruction of the macula to obtain precise correlation between the OCT image and its location in the macula. The instrument used a superluminescent diode as a light source (model D855; 855 nm at 75-mm bandwidth; Superlum Diodes, Ltd, Moscow, Russia). A raster series of 100 B-scans (1,000 A-scans/frame and 9 frames/ second) imaged over a 6-mm 3 6-mm area of the macula were acquired with 11-second acquisition time for a macular volume. The individual B-scans were registered using custom software to minimize fine axial motion artifacts and to create a two-dimensional image of the macula. This reconstructed C-scan image of the macula was overlaid on a color fundus photograph using retinal vessels, optic nerve, and the macular lesion as landmarks. 29, 30 Individual OCT images from the desired macular region were then analyzed.
Statistical analysis was performed using a chisquare test for comparison of proportions and a twotailed Student's t-test for comparison of means. Linear regression analysis was performed to correlate initial CNVM area and final area of GA. A P value of ,0.05 was considered to be statistically significant. Mean 12 No VA benefit at 12 months 1 eye with NVG, sub-and preretinal hemorrhage at 14 months after 20 Gy *Radiation dose from proton beam, given in cobalt gray equivalent, was divided by 1.1 to convert to gray. VA, visual acuity; PSC, posterior subcapsular cataract; CWS, cotton wool spot; NVG, neovascular glaucoma; fx, fraction.
visual acuity was determined by conversion to logarithm of the minimum angle of resolution.
Results
Among 94 eyes from 89 subjects treated with St-EBR from October 1997 to April 2000, $2-year follow-up data were available for 33 eyes (35.1%) from 32 subjects. The 32 subjects with $2-year follow-up data had similar baseline age, BCVA, and distribution of CNVM lesion type when compared with the total 89 subjects enrolled in the original clinical trial (Table 2 ). However, the subgroup with $2-year follow-up had a smaller average CNVM lesion size than the total group and included a slightly higher proportion of women. Tables 2 and 3 provide the baseline characteristics and follow-up data of 33 eyes of 32 subjects with $2 years of follow-up after St-EBR treatment. Mean follow-up after St-EBR among the 32 subjects analyzed in this study was 6.2 years, ranging from 2 years to 10 years. The mean age at last follow-up examination was 82.9 years, ranging from 70 years to 95 years. Baseline BCVA ranged from 20/32 to count fingers, with a mean of 20/125. Baseline mean CNVM size was 7.54 6 5.26 mm 2 , ranging from 0.9 mm 2 to 24.9 mm 2 . Choroidal neovascular membrane type for this study group was classified as classic for 9 eyes (27%), nonclassic for 21 eyes (64%), and unknown for 3 eyes (9%).
Radiation treatment dose in the $2-year follow-up subgroup ranged from 20 Gy to 40 Gy as follows: 20 Gy to 3 eyes (9%), 24 Gy to 2 eyes (6%), 28 Gy to 4 eyes (12%), 32 Gy to 2 eyes (6%), 36 Gy to 3 eyes (9%), and 40 Gy to 19 eyes (58%). The percentage of eyes receiving 40 Gy of radiation in the total treated group was 34, lower than that in the $2-year followup subgroup, while the percentage of eyes receiving 20 Gy in the total treated group was 23, higher than that in the follow-up subgroup. The distribution for the remaining radiation doses was comparable between the total treated group and the follow-up subgroup.
The analysis of BCVA is limited to a comparison of the last BCVA in the medical record with the pretreatment BCVA because of nonstandard measurements and variable events after treatment. As shown in Table 3 , the mean baseline BCVA was 20/125, ranging from 20/25 to count fingers. Final BCVA ranged from 20/50 to no light perception, with a mean of 20/300 after excluding 5 patients with BCVA of hand motion or worse (no logarithm of the minimum angle of resolution equivalent for calculation).
As summarized in Table 4 , the macular findings at last follow-up visit among the 33 eyes with $2-year follow-up were as follows: central GA in 16 eyes (49%), disciform macular scar in 10 eyes (30%), active CNVM in 3 eyes (9%), and mild RPE atrophy in 2 eyes (6%). Two remaining eyes (6%) developed phthisis bulbi secondary to neovascular glaucoma with no fundus view. Mean radiation doses for eyes with different macular morphologies at final follow-up visit were similar and as follows: 35 nonclassic CNVM in 21 eyes (64%) and classic CNVM in 9 of 33 eyes (27%). There was no significant difference in the incidence of GA (P = 0.20, chi-square) or disciform scar (P = 0.16, chi-square) among treated eyes with classic CNVM when compared with those with nonclassic CNVM. Because the area of GA often corresponded to that of CNVM before treatment (Figure 1) , the pretreatment and posttreatment FAs were compared for eyes that developed GA. Both pretreatment and posttreatment FAs were available for 15 of 16 eyes that developed GA. Mean radiation dose among all 16 eyes was 35.25 Gy, ranging from 20 Gy to 40 Gy. The mean initial CNVM size for the 15 eyes with available FA was 7.1 6 4.4 mm 2 , with a mean GLD of 2.8 6 1.0 mm. The mean size of GA on the most recent FA among these 15 eyes was 23.6 6 22.1 mm 2 , with a GLD of 4.9 6 2.5 mm. The difference between the initial size of CNVM and the final area of GA was statistically significant (P = 0.008, t-test) but small (mean GLD difference of 2.1 mm). Eleven of the 15 eyes (73%) had GLD of GA that was ,3 mm larger than that of the original CNVM. The mean difference in size of the original CNVM and the final area of GA among these 11 eyes was 1.1 mm, a small increase in calculated GLD over 5.3 years. Linear regression analysis revealed a statistically significant correlation between the initial CNVM area and the final GA area for these 11 patients (r = 0.69, P , 0.05). The 4 remaining eyes (27%) showed .4-mm increase in GLD between the initial CNVM size and the final area of GA over an average follow-up of 8.8 years. In all four cases, a recurrent or new CNVM was seen on FA within the area that subsequently developed GA. There was no difference in the dose of radiation administered to these 4 eyes with progressively enlarging CNVM and GA when compared with those where size of GA was similar to the initial CNVM (mean 35.3 Gy, t-test, P = 0.95). The time from radiation to first development of GA by clinical examination, FA, or fundus photography ranged from 3 months to 9 years, with a mean of 4.0 years. Five of 16 eyes (33.3%) developed first evidence of GA within 2 years of St-EBR.
When the area of GA was compared with the radiation treatment zone (diameter 5 mm and area 19.6 mm 2 ), 7 of 15 eyes (47%) of the 15 eyes with posttreatment FA had an area of GA significantly smaller than the radiation treatment zone and 33% of eyes had an area of GA much larger than the radiation zone. Three eyes (20%) had an area of GA similar in size and location to the central target radiation zone, but all 3 eyes had an initial CNVM size that was close to the size and location of the radiation treatment zone.
Radiation retinopathy as defined in our study was diagnosed in 6 eyes (18%) based on fundus photography and/or FA (5 of these eyes had FA findings that supported this diagnosis). The average time from St-EBR to development of radiation retinopathy for all 6 eyes was 5.4 years, ranging from VA, visual acuity; F/u period, time from radiation to last follow-up; pre-TX, before EBR; NVG, neovascular glaucoma; time to GA, time from EBR to the initial finding of GA on fundus imaging or clinical examination; time to radiation retinopathy, time from EBR to the first evidence of radiation retinopathy; M, male; F, female; nonclassic, CNVM with minimally classic or no classic leakage pattern; NLP, no light perception; LP, light perception; CF, count fingers; classic, CNVM with .50% classic leakage pattern; NA, FA not available for classification; HM, hand motions. To obtain detailed morphologic information of eyes that developed GA after St-EBR, 3 eyes (Patients 11, 16, and 17) from 2 subjects with central GA or RPE atrophy who could be contacted were imaged prospectively using a high-resolution Fourier-domain optical coherence tomography developed at our institution. Fundus image reconstruction was performed to accurately identify the area of OCT imaging because foveal fixation was not present in all three eyes. Loss of photoreceptor layer inner segment-outer segment junction was present in areas of GA or RPE atrophy (Figure 3) . Areas of retina within the target radiation treatment zone but outside the area of GA or RPE atrophy were unremarkable with an intact photoreceptor layer inner segment-outer segment junction in most cases. The inner retinal layers appeared to be intact over most areas of GA or RPE atrophy and within the radiation treatment zone, with only few small areas demonstrating diffuse retinal atrophy. In one of the eyes with RPE atrophy on fundus photography, a hyperreflective sub-RPE lesion was seen on Fourier-domain optical coherence tomography and believed to represent a small area of fibrosis from a regressed CNVM. The remaining two eyes of one subject revealed diffuse atrophy of the outer retina and RPE, without any sub-RPE hyperreflective lesion.
Discussion
This study provides the longest follow-up information to date of eyes with nAMD treated with radiation. Retinal vascular changes suspicious for radiation retinopathy developed as late as 10 years after St-EBR, and visually significant complications such as neovascular glaucoma and macular ischemia developed in a few eyes despite vigorous dose fractionation and stereotactic delivery of radiation. The most common visually significant finding in our study was central GA, present in 49% of eyes. This latter finding was unexpected, and given its high incidence, we attempted to further characterize the GA to determine whether it resulted from a direct toxic effect of radiation on the RPE, choriocapillaris, or retina. Most retinal damage from radiation is believed to result from retinal vascular endothelial cell loss, leading to retinopathy characterized by retinal hemorrhages, telangiectasias, edema, microaneurysm formation, and neovascularization. 4 However, direct damage to the outer retina and RPE by ionizing radiation has been reported in animal and human studies, and radiation-induced choroidal damage has been described. [31] [32] [33] [34] [35] In our study population, the size of GA tended to correlate with that of the CNVM rather than that of radiation treatment. The mean difference in size of the original CNVM and the final area of GA in 11 eyes with GA and no recurrent CNVM was 1.1-mm increase in calculated GLD over 5.3 years, a growth that can be attributed to the natural time course of expansion of GA because of AMD as previously reported. 36 In addition, Fourier-domain optical coherence tomography images of three eyes with GA or RPE atrophy showed a relatively intact retinal morphology in the radiation treatment zone outside the area of atrophy, similar to the finding reported for GA associated with nonexudative AMD. 37, 38 Although these findings do not rule out the possible direct toxic effect of radiation on the choriocapillaris and RPE, they support the hypothesis that GA may have resulted from progression of degenerative changes in the retina and RPE from AMD. In fact, a recent analysis of patients treated with monthly ranibizumab injection that developed severe vision loss at Year 1 in the MARINA 2 and ANCHOR 39 trials found that the likely cause of vision loss was enlargement of GA. Furthermore, a retrospective review of patients treated with ranibizumab for nAMD for more than 5 years found .50% incidence of GA and .40% incidence of persistent subretinal fibrosis by OCT. One mechanism that we propose for these observations is that the GA may be a result of ischemia to the overlying RPE and retina from a barrier effect by the CNVM or subretinal fibrosis causing reduced oxygen diffusion to the outer retina. This theory would explain the close correlation between the area of GA and the area of the original CNVM seen in most eyes with GA in our study.
The present study also demonstrated a moderate rate (18%) of presumed radiation retinopathy over a mean follow-up period of more than 6 years despite vigorous fractionation and stereotactic delivery of EBR. Although the findings of retinal hemorrhages, retinal microaneurysms, macular ischemia, and neovascular glaucoma are not specific for radiation retinopathy, the six eyes with these findings were presumed to have radiation retinopathy based on the criteria described in the Methods and absence of other identifiable causes of retinal vasculopathy. Most of the cases of radiation retinopathy developed in eyes receiving higher doses of radiation (4 of the 6 eyes received 40 Gy). The two manifestations of visually significant radiation retinopathy observed in our study were neovascular glaucoma (two eyes) and macular ischemia (two eyes), both of which have been reported previously. 4, 40 The development of neovascular glaucoma after 40 Gy radiation in 1 patient who was diagnosed with diabetes mellitus after enrollment and treatment is not surprising. However, the development of neovascular glaucoma in another patient with underlying hypertension, after receiving 28 Gy EBR, was concerning. No definitive diagnosis of radiation retinopathy was possible in this latter subject because there was no fundus view. Thus, an occult retinal vascular occlusion or some other process leading to ocular ischemia could not be excluded.
Typically, radiation retinopathy is associated with doses .45 Gy 4,25-27 but has been reported after doses as low as 14 Gy given in a single fraction in the treatment of nAMD. 8 Most studies using radiotherapy for nAMD using fractionated radiation of doses ,24 Gy have not found evidence of radiation retinopathy, but follow-up for nearly all these studies is #2 years. 6, 9, [11] [12] [13] [19] [20] [21] [22] 24 Because the development of radiation retinopathy can range from 6 months to 15 years, it is likely that a higher rate of retinopathy might be seen with longer follow-up. 40 Barak et al 7 in the 1-year follow-up of the original cohort of 89 subjects in this study reported only a single case of vitreous hemorrhage and neovascular glaucoma 14 months after 20 Gy EBR given in 2-Gy daily fractions, a finding that was suspected to be a result of radiation toxicity.
The longest follow-up study thus far was by Finger et al 17 who reported on a mean 33-month (range, 3-84 months) follow-up data of 31 eyes after brachytherapy for nAMD. They found no incidence of radiation retinopathy after receiving a mean of 17.62 Gy (range, 12.4-24 Gy) in a single dose. In our study, 18% of eyes had radiation retinopathy with a mean time from St-EBR to development of radiation retinopathy being 5.4 years (range, 1-10 years). Although the higher incidence of radiation retinopathy in our study may be attributed to the higher doses of radiation and longer follow-up, 2 eyes in our study developed radiation retinopathy after 28 Gy of St-EBR, a dose not significantly higher than that used in other studies for nAMD. It is important to note that total volume of tissue irradiated may have been higher with EBR even with stereotactic delivery when compared with brachytherapy with 103 Pd used by Finger et al because of higher lateral spread of radiation. 17, 24, 41, 42 This could explain the higher incidence of radiation toxicity in our study in comparison with that reported by Finger et al. 17 Significant differences in the mode of radiation delivery, target size, and radiation dose curves make a direct comparison between brachytherapy and St-EBR very difficult.
Our results highlight the importance of longer follow-up to evaluate the safety of radiotherapy in treating eyes with nAMD. Clear weaknesses of our study are that only a portion of the original cohort was available for long-term follow-up information and that baseline FA was not available for review for all the subjects. In addition, this was a retrospective study with nonstandard follow-up assessment, and additional therapies for nAMD were used in some study eyes. Nonetheless, the finding of a high rate of GA is noteworthy. Although it may represent the natural course of the disease, GA and the associated poor vision reinforce the belief that radiotherapy may not be suitable as a monotherapy for nAMD. The high rate of radiation toxicity noted in our study may be a consequence of a higher radiation dose and possibly a higher volume of tissue exposed as may be expected from EBR. The evolution of radiotherapy to use devices delivering radiation to small tissue volumes might help mitigate some of these toxic effects.
In summary, this retrospective study is the longest follow-up study to date on long-term effects of radiation on eyes with nAMD. Although the dose of radiation used in this study is somewhat higher than that used in other clinical trials, the study results give some insight into the potential long-term effects of radiation on eyes with nAMD. A moderate rate of delayed radiation retinopathy was noted despite a high fractionation and stereotactic delivery. Thus, patients at risk for retinal vasculopathy, such as those with diabetes mellitus or undergoing chemotherapy, should avoid this therapy even when retinopathy is absent. In addition, a surprisingly high rate of GA was noted in our study population. Although the high incidence of GA likely represents the natural course of AMD after regression of CNVM, further studies are needed to evaluate a potential direct toxic effect of radiation. The answer to this question may become clearer as longterm results of current clinical trials using radiotherapy combined with anti-VEGF therapy for the treatment of nAMD become available. These study subjects should be monitored closely in the long term for possible radiation-related toxic effects that may adversely affect long-term visual outcome.
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